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Abstract
A slit-lamp biomicroscope Visionix VX75 has been equipped with a high-
resolution digital sensor. A specular reflection technique at an angular magnifica-
tion of 36 performed by the slit-lamp biomicroscope is used to develop a proce-
dure to (i) measure the thickness of the human cornea by measuring the distance
between the two reflections of its anterior and posterior surfaces and (ii) capture
suitable images for morphometric analyses of the corneal endothelium’s cell mosaic.
The examples of morphometric analysis of these images are reported. The biases
due to the dioptric power of the anterior surface of the cornea, the oblique obser-
vation, and the asymmetry of the digital biomicroscope are discussed. These biases
can be corrected by a specific calibration.
Keywords: slit-lamp biomicroscope, pachymetry, endothelial microscopy,
specular reflection, morphometric analysis
1. Introduction
The slit-lamp biomicroscope is an instrument widely used by ophthalmologists
and optometrists to observe the anterior segment of the eye. The instrument is
composed by two main components: an illumination system, the slit-lamp, and an
observation system, the biomicroscope. They can be set up in different configura-
tions allowing several types of illumination techniques. One of these is the specular
reflection: the examiner directs the incident light toward the eye with angle of
incidence α on the anterior surface of the cornea, then sets the angle between the
illumination system and the biomicroscope at 2α, and observes the bright reflection
on the anterior surface through the biomicroscope. Usually the angle 2α is relatively
high, ranging from 40 to 70°. The intense reflection is due to the change of refrac-
tive index between the air and the anterior surface of the cornea. A digital camera
coupled with the right or left eyepiece tube can be used to capture images. Part of
the light reaching the observation system is deviated by a beam splitter toward a
converging lens, which allows the formation of a real image on the plane of the
digital sensor.
The configuration of the specular reflection can also be used to observe the
reflection from the posterior surface of the cornea (endothelium) due to the change
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of refractive index between the corneal endothelium and aqueous humor. However,
this second reflection is much less evident than the previous one because of
the smaller variation of refractive index between the two adjacent components.
To observe the posterior reflection, light coming from the illumination system is
focalized on the posterior surface and generates an image of the illuminated slit.
The correct focus may be reached through the eyepieces’ view, and a real image is
detected on the digital sensor. In this configuration, only the posterior corneal
surface (within the depth of field of the system) is in focus. This surface is
optically conjugated with the plane of the sensor. A sort of slit image is also formed
on the anterior surface of the cornea, but it is not a perfectly focused image of the
slit and, consequently, neither is the resulting image on the sensor of the
biomicroscope.
When a relatively narrow slit is used, the distance on the sensor between the in-
focus image and the other image of the slit (formed by reflected beams from
posterior and anterior surfaces, respectively) can be used to deduce the thickness of
the cornea (pachymetry). A relatively narrow beam is recommended to reduce
uncertainty in finding the distance between the two surfaces, i.e., the corneal
thickness. Corneal pachymetry is a technique used in clinical practice for monitor-
ing different conditions such as the progress of corneal diseases, to evaluate suitable
patients before refractive surgery, and to determine intraocular pressure. During
routine examination by slit-lamp biomicroscope, corneal thickness can also be
measured by considering the apparent thickness of the optical section of the cornea
[1]. Other methods are ultrasound pachymetry, optical coherence tomography,
Scheimpflug imaging [2–15].
With a larger slit, the endothelium cell mosaic can be seen adjacent to the
region of the intense light reflection from the anterior surface. The corneal endo-
thelium is a cell monolayer laying on the posterior surface of the cornea. It regu-
lates the transport of solutes and water across the interface between the cornea
and anterior chamber of the eye. Pathologies such as the narrow-angle glaucoma,
iritis, and corneal dystrophies can change the shape and size of the endothelial
cells and their number per unit area, as well as trauma, aging, intraocular surgery,
drugs, and wear of contact lenses [16–20]. A significant loss of cells is typically
accompanied by an increase in the variability of cell size (polymegethism) and
shape (polymorphism). Endothelium analysis is often carried out by automatic
instruments, while the analysis by a digital slit-lamp biomicroscope is less expen-
sive and allows to observe any specific region of interest of the cornea, so that
a more complete characterization of the endothelium can be achieved. However,
the common cell recognition methods are often not applicable to images taken
by a slit-lamp biomicroscope. The main problem is typically the lack of infor-
mation in some parts of the cells’ borders [21]. A recent method was reported in
2016 allowing an improved cell recognition and morphometric analysis [22].
It was applied to a Takagi 700 GL LED biomicroscope equipped with TD-10
digital camera.
This chapter describes the results obtained by a Visionix VX75 slit-lamp
biomicroscope equipped with a high-resolution digital sensor. We captured
in vivo images of the two reflections from anterior and posterior corneal surfaces
to deduce corneal thickness (pachymetry). We took images of the corneal
endothelium with larger slits. They show the typical cell mosaic, and they are
suitable for morphometric analysis. The effects of the dioptric power of the
anterior surface of the cornea, of the oblique observation, and of the asymmetry
of the digital biomicroscope on morphometric analysis are also discussed. The
effects of these potential systematic errors can be greatly reduced by a preliminary
calibration.
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2. Methods
A Visionix VX75 slit-lamp biomicroscope equipped with a digital sensor Matrix
Vision (sensor size, 2464  2056 pixels; pixel size, 3.45  3.45 μm2; maximum
number of frames per second, 35) was used with an angular magnification setting of
the biomicroscope equal to 36. A dedicated software was developed to take
images through this sensor. A live digital magnification controlled by the operator
was also applied to facilitate image acquisition. Images of the illuminated slit on the
posterior surface of human corneas were taken in vivo both in the case of
relatively narrow slits (for pachymetry analyses) and in the case of larger slits (for
endothelial microcopy analyses). A sequence of MATLAB functions was created for
the analysis of the images.
3. Slit-lamp biomicroscope corneal pachymetry
Figure 1 shows an example of image of the two reflections from the anterior
corneal surface (slit image not perfectly in focus) and from the posterior surface
(slit image in focus) taken at 36 on the central portion of the cornea of a
young adult.
General equations on the relationship between true corneal thickness t and
apparent corneal thickness s observed by a biomicroscope at oblique observation are
reported in the literature [23, 24]. These equations can also be applied to the
specific configuration of specular reflection. In this case, s is the lateral distance
between the two reflections from anterior and posterior corneal surfaces, such as
those of Figure 1. Figure 2 is inspired by a figure reported in Brennan et al. [23],
from which the following Eqs. (1)–(3) are also deduced:
R
t
 R
s
c1 þ c2ð Þ cosϕ2 þ
k1 þ k2
c1 þ c2 
1
2
c1  c2ð Þ tan ϕ2ð Þ (1)
where t is the true thickness, s is the apparent thickness (viz., the distance
between the two reflections in the case of specular reflection), and R is the
Figure 1.
Example of the two reflections from the anterior corneal surface (slit image on the right, not perfectly in focus)
and from the posterior surface (slit image on the left, in focus) taken on the central portion of the cornea of a
young adult by a Visionix VX75 slit-lamp biomicroscope at 36.
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curvature radius of the anterior surface. Angles ϕ1 and ϕ2 are shown in Figure 2;
cj and kj are
cj ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
sin 2 ϕjð Þ  1
r (2)
kj ¼ cj þ
c3j
2

c2j n
2
tan ϕj
 
sin 2 ϕj
  (3)
where j = 1, 2 and n is the cornea refractive index (n = 1.376 [25]).
In the specific case of specular reflection, angles ϕ1 and ϕ2 are equal (ϕ1 = ϕ2 = ϕ)
and Eq. (1) can be written as
R
t
 R
s
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
sin 2 ϕð Þ 1
q
0
B@
1
CAcosϕþ 1þ 1
2 n
2
sin 2 ϕð Þ 1
h i n2
tan ϕð Þ sin 2 ϕð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2
sin 2 ϕð Þ 1
q
(4)
In the limit case of a flat sample (R!∞), Eq. (4) reduces to
t ¼ s
2 cos αð Þ tan arcsin sin αð Þn
   (5)
By measuring the distance s between the two reflections observed in the image
(e.g., as in Figure 1), from Eq. (4), we deduce the true corneal thickness t. How-
ever, this procedure contains a systematic error. The image of Figure 1 was taken
with an angular magnification setting of the biomicroscope equal to 36 and the
angle between the axis of the illumination system, and the axis of the biomicroscope
was fixed at 45°. Therefore, to a first approximation, the angle 2° can be set to
Figure 2.
Scheme showing apparent thickness s and true thickness t of a sample (e.g., the human cornea) with spherical
anterior surface (curvature radius R) as reported by Brennan et al. [23, 24]. ϕ1 and ϕ2 are the angles that
appear in Eqs. (1)–(3) [23]. Labels p.s. and a.s. indicate the posterior surface and the anterior surface,
respectively. Labels (1) and (2) indicate the rays of light reflected from the anterior and posterior surfaces,
respectively, in the configuration of specular reflection.
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be 45°. However, this assumption contains a systematic error due to the asymmetry
of digital biomicroscopes [24]. Indeed, the sensor of a digital biomicroscope is
positioned either at the right or at the left eyepiece of the biomicroscope (left side
in the case of the Visionix VX75 biomicroscope). The sample is typically slightly
rotated by an angle γ to direct the light beam into the correct channel of the
biomicroscope and reach the sensor, as discussed in Ref. [24]. For the Visionix VX75
biomicroscope, γwas measured to be about 2.5°. During the acquisition of the image
reported in Figure 1, the illumination system was positioned to the right of the
examiner and the biomicroscope to the left. The digital sensor was placed on the left
eyepiece of the biomicroscope, so that the true angle between the incident beam
and the beam directed to the sensor is not the angle 2ϕ between illumination and
biomicroscope, but it is equal to 2(ϕ + γ). Therefore, due to this asymmetry of the
digital biomicroscope, ϕ1 and ϕ2 in Figure 2 and ϕ in Eq. (4) must be replaced with
(ϕ + γ), i.e., about 25° in the considered case. Considering this aspect, the measure
of s by the slit-lamp biomicroscope determines the thickness t. As discussed in
Section 5, the bias in this procedure can be corrected by a system calibration.
4. Slit-lamp biomicroscope endothelial microscopy
Figure 3 shows few examples of images of the corneal endothelium of different
subjects taken through the 36 objective. A different view of the corneal endothe-
lium of a young adult is reported in Figure 4. The x and y coordinates
corresponding to the image plane are shown on two axes. The third axis (z) shows
the luminance of the image at each pixel.
Corneal endothelium can be described by endothelial cell density (ECD), cell
hexagonality (HEX), and coefficient of variation (CoV). ECD is the number of cells
per unit area. HEX is the percentage of cells with six nearest-neighbor cells, also
defined as the percentage of six-sided cells. CoV is the ratio between standard
deviation and mean value of the areas of the cells. As already mentioned, a signifi-
cant loss of cells due to specific pathologies causes a decrease of ECD, and it is
typically accompanied by an increase in the variability of cell size (polymegethism)
and shape (polymorphism). However, the correlation between ECD and the other
two parameters is typically poor because the measured ECD value (in contrast to
HEX and CoV) depends on factors such as (i) the magnification of the images
produced by the anterior surface of the cornea, which can vary from subject to
subject, and (ii) the intrinsic cell size, which may also vary from subject to subject,
even in the presence of perfectly regular hexagonal mosaics. On the contrary, a
negative correlation is expected between CoV and HEX [26–30]: the higher the
polymegethism (relatively high CoV), the higher the polymorphism (relatively
low HEX).
ECD, HEX, and CoV can be deduced from images such as those reported in
Figures 3 and 4. The computation of those parameters on a sample involves a
lengthy counting process, if manually done by an operator. An automated way of
determining such parameters is therefore desirable. The starting point is capturing a
good quality image of the endothelium, inside which the operator can select a region
of interest, preferably containing a few hundreds of cells (to get a statistically
significant sample [31]) with sharp details uniformly illuminated. An automatized
sequence of MATLAB functions acting on this region of interest was created. The
purpose is, at first, to automatically detect cells’ boundaries as accurately as possible
and then to compute relevant cells’ statistics from them. The following figures
highlight some intermediate steps of the procedure. Figure 5 shows the selection of
the area of interest while Figure 6 the obtained partition of the region of interest
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along cells’ boundaries. Finally, in Figure 7 we display the histograms of cells’ area
and the histograms of cells’ gonality. The gonality of a cell is defined as the number
of cells that are its nearest neighbors; sometimes it is also defined as the number of
Figure 3.
Examples of images (a–d) and examples of enlarged portions of images (e, f) of the corneal endothelium of
different subjects taken by a Visionix VX75 slit-lamp biomicroscope at 36. In (a), a circle with an arrow
indicates how a typical endothelial bleb appears. In (c), several endothelial guttae can be observed. In (f), a
hexagon shows the typical hexagonal packing of regular mosaics of endothelial cells where each cell has six
nearest neighbors. The other two closed polygons highlight 5 and 7 nearest-neighbor cells, respectively.
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Figure 4.
View of a portion of the cell mosaic of the corneal endothelium of a young adult taken by a Visionix VX75
slit-lamp biomicroscope at 36. The x and y coordinates corresponding to the image plane are shown on two
axes. The third axis (z) shows the luminance of the image.
Figure 5.
Selection of the region of interest on the image of a corneal endothelium taken by slit-lamp biomicroscope.
Figure 6.
Region of interest zoomed and partitioned along cells’ boundaries.
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sides of the cell. In the specific example of Figures 5–7, MATLAB functions selected
444 cells for data computations.
A few aspects must be considered, for a quantitative evaluation of the parame-
ters ECD, HEX, and CoV: firstly, the effects on ECD of the image magnification due
to the dioptric power of the corneal anterior surface. ECD can be evaluated by the
ratio N/A, where N is the number of recognized cells in a selected area A. The
dioptric power of the corneal anterior surface induces a magnification on the sensor
of this area, thus requiring the correction of the measured density to obtain the true
value of ECD. In addition to the magnification produced by the anterior surface of
the cornea, the angle of observation is another aspect that influences the area of the
image [22]. The posterior corneal surface is indicated by a segment in Figure 2 with
label p.s. Its image is captured along the direction indicated by the ray (2) in the
same figure. The larger the angle of observation, the larger the portion of internal
surface projected onto the plane of the sensor. In other words, the cells in the image
are narrowed along one direction. If not accounted for, this shrinkage is responsible
for the increase of the measured cell density on the sensor due to the larger angle of
observation. Moreover, the correction for such an angle presents the same issues
discussed above, concerning the asymmetry of digital biomicroscopes. During the
acquisition of the images reported in Figures 3 and 4, the illumination system was
positioned on the left and the biomicroscope on the right. The digital sensor was on
the left eyepiece of the biomicroscope, so that the true angle of the incident beam
and the true angle of observation are not ϕ, but (ϕ  γ), i.e., about 20° in the
considered case. As discussed in Section 5, a calibration with a suitable sample
corrects these errors. Interestingly, the inaccuracy induced by the dioptric power of
the anterior corneal surface, by the oblique observation, and by the asymmetry of
the digital biomicroscope affects only ECD measurements. Unlike ECD, the other
two parameters, HEX and CoV, are not influenced by the magnification factor
because they are not influenced by possible errors in the measurement of the
selected area A.
5. Reference standard sample for calibration
By what is discussed in the previous section, a calibration is recommended
before a quantitative analysis of the corneal thickness (Section 3) and the endothe-
lial cell density (Section 4). For this purpose, images of a planar reference grid
Figure 7.
Cells’ area distribution (left) and cells’ gonality distribution (right).
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should be taken at the desired angular magnification setting of the biomicroscope.
The linear magnification of the real image on the sensor can be computed as the
ratio between the size of the image of the elements of the reference grid and the size
of the reference grid itself.
While the calibration through a planar grid can correct for errors induced by the
lateral shrinkage of the image caused by the oblique observation and the
biomicroscope’s asymmetry, it will not account for issues related to the dioptric
power of cornea’s anterior surface. One further calibration employing a reference
lens, such as the standard samples proposed in Refs. [22, 30], is used to counterbal-
ance this effect. They were developed to reproduce the cornea with its typical shape
and the endothelium with cell sizes of approximately 20 μm in diameter. These
standard samples consist of a layer of polystyrene beads of calibrated diameter
deposited on the internal surface of a poly(methyl-methacrylate) lens simulating
the cornea. Images of the polystyrene beads must be taken in the same configura-
tions and at the same angle of observation as in vivo pachymetry or endothelial
analyses. The comparison between expected thickness and expected bead density
and measured values determines the corrective factor for in vivo thickness and ECD
measurements. Concerning the expected bead density corresponding to a hexagonal
bead packing, the number of beads per unit area (density δ of beads) can be
calculated as
δ ¼ 1
2
ffiffiffi
3
p
r2
(6)
where r is the radius of each bead. The beads proposed in Ref. [22] have radius,
r = 10.14 μm, so that the expected density δ can be calculated by Eq. (6) to be
2808 mm2.
6. In vivo results
After the calibration, corneal central thickness, ECD, HEX, and CoV were mea-
sured in vivo in a small group of ten healthy subjects (age: 20–30 years). They were
enrolled on a voluntary basis following the Declaration of Helsinki. Inclusion
criteria were the absence of any known corneal pathology and to be between the
ages of 20 and 30 years.
The analysis was performed on the right eye of each subject, each of whom was
asked to look at a far target during the image acquisitions. Images were taken with a
relatively narrow slit (pachymetry) and with a larger slit to observe the endothelial
mosaic (endothelial microscopy). Images were taken in the central portion of the
cornea, at a distance lower than 2 mm from the center of the pupil.
Although the group is small and it might not therefore account for a reliable
statistical analysis, the mean (standard deviation) of the ten measured values was
calculated. The mean central corneal thickness was found to be 502 μm ( 73 μm).
The results are in reasonable agreement with data reported in the literature. For
example, Olsen and Ehlers reported a mean central corneal thickness of (515  33)
μm calculated on 115 eyes between 10 and 90 years [32]. Doughty and Zaman [33]
reported a value of 534 μm for “normal” human central corneal thickness.
Wirbelauer et al. [34] found (541  43) μm for the mean central corneal thickness
of 108 subjects (age range: 25–87 years). Altay et al. [35] reported mean values on
137 subjects (age range: 18–64 years) equal to (522  34), (543  34), and
(538  35) μm, measured by Scheimpflug camera, specular microscopy, and ultra-
sound pachymetry, respectively. Compared to other techniques, the measurement
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of corneal thickness with the slit-lamp biomicroscope adds no extra costs for the
clinicians, who routinely use this instrument. It should be noted that the method of
specular reflection can only be used on subjects with healthy corneas. Keratoconus,
corneal opacities, and other irregularities may distort the light beam or dim the
endothelium reflex beyond acceptable levels. This disadvantage is also relevant for
other techniques such as the systems based on Scheimpflug camera.
Regarding the endothelial mosaic, the mean ( standard deviation) of ten mea-
sured values yielded 2671 mm2 ( 133 mm2) for ECD, 46% ( 5%) for HEX, and
31% ( 3%) for CoV. The results are in reasonable agreement with data in the
literature. Variations of ECD, HEX, and CoV are expected due to several factors
such as hypoxia [36] and age [20]. If considering only in vivo measurements and
relatively young subjects, values of mean central ECD reported in the literature can
be found in the range of 2600–3000 mm2 [19, 20, 37, 38]. Central HEX measured
by Wiffen et al. [19] and Zheng et al. [38] is (63  7) and (49  13)%. Normal CoV
range is considered 20–30% [20]. As already mentioned in the introduction, endo-
thelium analysis is often carried out by automatic instruments; however, the analy-
sis by a digital slit-lamp biomicroscope is less expensive and allows to observe any
specific region of interest of the cornea in the center and in the periphery.
7. Conclusions
A high-resolution digital sensor was applied to a Visionix VX75 slit-lamp
biomicroscope. A software for image acquisition, including a live digital magnifica-
tion facility, was developed. A procedure is here proposed to use the apparatus in
configuration of specular reflection for pachymetry analyses and for endothelial
microscopy analysis at angular magnification 36. Images are suitable for morpho-
metric analysis of the cell mosaic of corneal endothelium, and an automatized
sequence for image analysis was developed. The effects of (i) the dioptric power of
the anterior corneal surface, (ii) oblique observation, and (iii) intrinsic asymmetry
of digital biomicroscopes are discussed. For a quantitative analysis of corneal thick-
ness and endothelial cell density, these effects must be taken into consideration and
can be corrected by a procedure of calibration. On the contrary, the other two
parameters (endothelium cell hexagonality and coefficient of variation of the cell
areas) are not influenced by these aspects.
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